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Abstract
We previously demonstrated that progenitors of both endothelium and smooth muscle cells in the aortic wall originated from the somite in the
trunk of the embryo. However whether the contribution to vascular Smooth Muscle Cells (vSMC) is restricted to the aorta or encompasses other
vessels of the trunk is not known. Moreover, the somitic compartment that gives rise to vSMC is yet to be defined. Quail-chick orthotopic
transplantations of either the segmental plate or the dorsal or ventral halves from single somites demonstrate that 1° vSMC of the body wall
including those of the limbs originate from the somite. 2° Like vSMC, aortic pericytes originate from the somite. 3° The sclerotome is the somite
compartment that gives rise to vSMC and pericytes. PAX1 and FOXC2, two molecular markers of the sclerotomal compartment, are expressed by
vSMC and pericytes during the earliest phases of vascular wall formation. Later on, PDGFR-β and MYOCARDIN are also expressed by these
cells. In contrast, the dermomyotome gives rise to endothelium but never to cells in the vascular wall. Taken together, out data point out to the
critical role of the somite in vessel formation and demonstrate that vSMC and endothelial cells originate from two independent somitic
compartments.
© 2008 Elsevier Inc. All rights reserved.Keywords: Avian embryo; Aorta; Somite; Vascular smooth muscle; Pericyte; PAX1; PAX3; FOXC2Introduction
Vascularization of the early embryo is achieved via endo-
thelial progenitor cells that mature and assemble into a primitive
vascular network through a process designated as vasculogen-
esis, for review see (Risau and Lemmon, 1988). Shortly after,
this primitive network remodels giving rise to a more complex
network characterized by the differentiation of arteries, veins
and small vessels. However endothelial cells (ECs) do not ensure
vascular maturation alone and a second population, designated
as mural cells, comes in close apposition to ECs stabilizing the
vascular network, providing hemostatic control and protecting
newly formed vessels against regression or rupture, for review⁎ Corresponding author. Université Pierre et Marie Curie-Paris 6, Bat C, 6ème
étage, Case 24, 75252 Paris Cedex 05, France.
E-mail address: jaffredo@ccr.jussieu.fr (T. Jaffredo).
1 Present address: INAF-CNRS UPR2197, Avenue de la Terrasse; 91198 Gif
sur Yvette.
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doi:10.1016/j.ydbio.2007.12.045see (Carmeliet, 2005). Mural cells endow vessels with visco-
elastic and vasomotor properties and assist ECs in acquiring
specialized functions in different environments, being therefore
responsible for endothelial organospecificity.
Whereas ECs always originate from the mesoderm, mural
cells i.e., vSMC and pericytes display different origins
according to the region of the body considered. In the forebrain,
face, neck and truncus arteriosus, vSMC derive from the
cephalic neural crest (Etchevers et al., 2001; Jiang et al., 2000;
Le Lievre and Le Douarin, 1975). vSMC of the heart septum
(Waldo et al., 1998) and the proximal cardiac artery (Bergwerff
et al., 1998; Etchevers et al., 2001) are also neural crest-derived,
whereas vSMC of the coronary veins and arteries originate from
the myocardium and epicardium respectively (Mikawa and
Gourdie, 1996; Perez-Pomares et al., 2002; Vrancken Peeters
et al., 1999). Until recently, the origin of vSMC in the trunk
remained elusive. Using approaches performed respectively in
the chick and mouse embryo, we (Pouget et al., 2006), and
others (Esner et al., 2006) demonstrated that aortic vSMC derive
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somite remains controversial and thus needs to be defined. On
one hand, based on the use of a NLAACZ reporter gene targeted
to the α-cardiac actin gene (Meilhac et al., 2003), Esner et al.
(2006) reported that aortic vSMC shared a common clonal
origin with skeletal muscle cells in the dermomyotome. On the
other hand, it has been suggested, although not experimentally
demonstrated, that aortic vSMC derived from the sclerotome
(for review see Brand-Saberi and Christ, 2000; Christ et al.,
2004).
Here using quail to chick orthotopic transplantations of
either segmental plates or ventral or dorsal hemi-somites, we
demonstrate that 1° the somite gives rise to the vSMC of the
trunk including the limbs. 2° the somite also provides aortic
pericytes, thus vSMC and pericytes have a common origin. 3°
the two cell types originate from the sclerotome and display a
molecular signature of this compartment at least during the
earliest phases of mural cell recruitment.
Material and methods
Grafts
Orthotopic, isochronic, unilateral grafts of segmental plates or halves of
single somites were performed between chick host (Gallus gallus JA57 strain)
and quail donor (Coturnix coturnix japonica). Eggs were incubated at 37 °C±
1 °C in a humidified atmosphere until they reached the stages of 10 to 16 somite
pairs. Segmental plates corresponding to the length of 5 to 10 somites were
grafted as previously described (Pouget et al., 2006), according to the original
dorso-ventral and antero-posterior orientations.
Putative dermomyotome or sclerotome were excised from somite I or II,
staged according to Pourquie and Tam (2001), by sectioning the epithelialized
somite tangentially. A description of the procedure is given in Supplementary
Fig. 1. Grafts were rinsed in DMEM (PAA Laboratories)/10% Fetal Calf Serum
(Eurobio) and transplanted into a host submitted to the same ablation. The
chimeric embryos were incubated for an additional period of 1 to 9 days. The
grafting experiments are summarized in Table 1.
Immunohistology
Antibodies
QCPN, developed by Carlson and Carlson, which recognizes all quail cell
nuclei, was obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD and maintained by The University
of Iowa, Department of Biological Sciences, Iowa City, IA 52242). QCPN was
visualized with a Goat Anti Mouse (GAM) IgG1 coupled to either Horse Radish
Peroxydase (Southern Biotechnology Associated) or Alexa Fluor 555
(Molecular Probes). Anti alpha-Smooth Muscle Actin (αSMA) purchasedTable 1
Summary of experiments
Age at
operation
(HH)
Number
of operated
embryos
Age at
sacrifice
(E)
Number of embryos
with grafted cells
contributing the
aortic wall
Grafted structure
Segmental plate 10–13 2 10 2
10–13 4 3.5–5.5 4
Putative
dermomyotome
10–12 4 2.5–3 0
10–12 7 3–3.5 0
Putative sclerotome 10–12 4 2.5–3 4
10–12 6 3–3.5 6from Sigma (clone 1A4), was revealed with a GAM IgG2a-Alexa Fluor 488
(Molecular Probes). Anti-laminin polyclonal antibody was revealed with a
biotinylated goat anti rabbit IgG (Sigma) coupled to Cyanin2 (Amersham). QH1
monoclonal antibody (Mab), specific for quail EC and HC (Pardanaud et al.,
1987), was revealed with a GAM IgM Alexa Fluor 555 (Molecular Probes).
When needed, sections were counterstained with DAPI. Pictures were taken on a
Nikon Eclipse E800 microscope equipped with Optigrid for Confocal
acquisitions.
Histology
For cryostat and paraplast sections, embryos were fixed in 4% paraformal-
dehyde or in Formoy's solution and processed as described (Pouget et al., 2006).
RNA probes
The chicken PAX1, PAX3, FOXC2 and PDGFR-β probe were used.
MYOCARDIN was isolated from the BBSRC chick EST database (clone no.
603228948F1). The antisense probes respectively obtained following lineariza-
tion and transcription with Hind3/T7, BamH1/T3, EcoR1/T3, Kpn1/T7 and
Not1/T3 were labelled with digoxygenin (Minko et al., 2003).
In situ hybridization on sections and composite images
Embryos were collected and fixed overnight at 4 °C in Formoy's solution.
Paraplast sections were treated as described (Minko et al., 2003; Wilting et al.,
1997). The composite pictures of the Figs. 2A and B were obtained as follows:
immediately adjacent sections were treated for in situ hybridization with either
the PAX1 or PAX3 probe. Photographs were taken on a Nikon Eclipse E800
equipped with an Evolution QEi camera (Media Cybernetics) and images were
processed on Photoshop CS2 software (Adobe Systems Incorp). Briefly, they
were separated in two complementary parts following a virtual cut passing
through the embryo midline. Right (hybridized with PAX3 and left with
PAX1) sides were then assembled and adjusted to create the final composite
picture.
Results
Somitic origin of the vSMC in the body wall and limbs
To investigate whether somites were able to provide vSMC
for the limb and body wall vessels, we grafted quail segmental
plates into chick embryos as previously described (Pouget et al.,
2006) and analyzed the chimeric embryos at embryonic day
(E)10 (n=2). At this stage, most of the vessels have an
organized vascular wall (Etchevers et al., 2001; Lee et al.,
1997). We took advantage of these late experimental embryos to
address the question of the origin of vSMC for the limb and
body wall vessels. Coupling QCPN to αSMA immunodetection
showed that vSMC of the body wall and limb vessels are of
quail origin. A forelimb large vessel immediately above a
muscle mass and a cartilage condensation (Fig. 1A) is
essentially made of ECs (Fig. 1A, black arrows in inset) and
vSMC (Fig. 1A, black arrowheads in inset) of quail origin. As
previously shown (Pouget et al., 2006; Wilting et al., 1995),
ECs of the trunk and limb vessels are entirely somite-derived
(Figs. 1A, B) and no difference in QCPN+ cell contribution is
seen between arteries and veins (not shown). Interestingly, no
quail vSMC is ever found in the viscera. This pattern is
established early since already at E4, no grafted cell has entered
the viscera. Only a few quail cells, likely ECs, are detected
associated to small capillaries in the mesentery immediately
ventral to the aorta (Fig. 1C).
Fig. 1. Contribution of the somite to vSMCand pericytes.Unilateral grafts of segmental plate according to (Pouget et al., 2006).Double stainingwithQCPN (black) andαSMA
(brown) antibodies in a E10 embryo (A, B) or triple stainingwithQCPN (red), LN (green) andDAPI (blue) in an E3 embryo (C,D). (A) Limb vessel with quail ECs and vSMC.
Bar=70 μm. Inset shows amagnification of the frame in panel A. QCPN+/αSMA−ECs (black arrows) and vSMCQCPN+/αSMA+ (black arrowheads) are clearly identifiable.
Bar=25μm. (B) Skin vessel. Samemarkers as in panelA. Inset shows amagnification of the frame in panel B. (C)Cross section through anE3 aorta. Bar=60μm.QCPN+ cells
(red nuclei) have wrapped around the aorta on the grafted side. QCPN+ cells close to the aortic lumen are integrated in the basal lamina revealed with laminin staining. (D)
Magnification of the frame in panel C. Quail ECs have contributed to the aorta (white arrows). The double arrows point to the presumptive pericytes embedded in the basal
lamina. Arrowheads show cells outside the basal lamina thus in vSMC position. Bar=15 μm. A, aorta; C, cartilage; E, ectoderm; F, feather bud; M, muscle; N, notochord.
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So far the origin of the pericytes in the trunk remains
unknown. Here we used an antibody against laminin, an extra-
cellular matrix protein to detect the basal lamina and to identify
cells in pericytic position. Four experimental embryos grafted
with a segmental plate were analysed ranging from E2,5 to E3 at
the beginning of vSMC recruitment. Grafted cells (in red)
provide the three different cell types involved in vessel
formation (Fig. 1C): EC (white arrows), presumptive pericytes
embedded into the laminin layer revealed in green (double
arrows) an, beside this layer, additional QCPN+ cells were
found outside the basal lamina thus in a presumptive vSMC
position (white arrowheads, Fig. 1D).
Patterns of molecular markers in control or segmental
plate-transplanted embryos suggest a sclerotomal origin for
vSMC
We have established the patterns for Pax1, PAX3, FOXC2,
PDGFR-β and MYOCARDIN in control embryos during thefirst four days of development with particular focus in the
aortic region (Fig. 2). These are the paired box transcription
factors PAX1 and PAX3, and FOXC2, a member of the winged
helix/forkhead family of molecules. PAX1 and FOXC2
expression defines the sclerotomal compartment (compare
Figs. 2A left and B left to G, H) although FOXC2 expression
was larger than that of PAX1 (Christ et al., 2004; Winnier et
al., 1997; Buchberger et al., 1998). PAX1 and FOXC2 positive
cells are clearly visible in close contact with ECs of the aortic
roof (Figs. 2A left, B left, G, H). As development proceeds,
FOXC2 expression extends ventrally and laterally whereas
PAX1 remains confined around the neural tube and the
notochord (Fig. 2C). At E4.5, a few PAX1+ cells are still
visible close to the aortic roof (Fig. 2E) but we no longer find
PAX1+ cells associated to the αSMA layer. In contrast, the
whole mesoderm around the aorta, including the αSMA layer,
expresses FOXC2 at E4.5 (Figs. 2I, J). Differences between
PAX1 and FOXC2 expression are clearly visible (compare
Figs. 2C, E and I, J). Pax3 is expressed in the whole segmental
plate and becomes restricted to the dermomyotome (Fig. 2A,
right panel) and finally to the dermatome as the somite
Fig. 2. PAX1, PAX3, FOXC2, PDGFR-β and MYOCARDIN expression patterns during the first 4 days of embryonic development. In situ hybridization at E2 (A, G),
E3 (B, H), E4.5 (C–F, I–N). E.4.5 in situ hybridization are coupled to αSMA immunodetection. (A, B) Composite pictures comparing PAX1 (left) and PAX3 (right)
expression in hemi-embryo sections. (A) PAX1 expression is restricted to the sclerotome. Inset. PAX1+ cells are clearly visible in close contact with the ECs of the still
paired aortae. Bar=20 μm. PAX3 is restricted to the dorsal aspect of the embryo (dorsal neural tube and dermomyotome) and no PAX3+ cell is visible close to the aorta.
(B) The aorta has now completely fused into a single vessel. Numerous PAX1+ cells are visible in close contact with ECs of the aortic roof whereas PAX3+ cells remain
confined to the dorsal aspect of the embryo. A few PAX3+ cells, likely to be of neural crest origin, have emigrated ventral to the aorta. (C–F, I–N). Aortic region.
Frames delineate the area magnified in panels C, D, I, K, M. The embryonic structures have now matured. The vertebra is forming, the kidney are prominent and the
hypaxial lips of the myotome have migrated ventrally and penetrated in the lateral plate where they will give rise to the muscle masses of the body wall. (C, E) At this
stage, PAX1 is not expressed close to the aorta but is confined to the dorsal-most aspect of the sclerotome around the neural tube and the notochord. Bar=50 μm. (D, F)
PAX3 remains expressed in the dorsal neural tube and the epaxial- and hypaxial–most domains of the dermomyotome (not shown); it is not expressed in the vicinity of
the aorta (F). Bar=15 μm. (G–J) FOXC2 expression. (G) E2. FOXC2 expression is very similar to that of PAX1 (compare to panel A, left side). FOXC2+ cells are
visible in close contact with the aortic ECs (inset). Bar=100 μm. (H) E3. FOXC2+ cells wrap around the dorso-lateral aspect of the aorta. Bar=75 μm. (I) E4.5 the
FOXC2 domain has extended ventrally and dorsally. FOXC2+ cells are found around the neural tube, the notochord, the aorta and are also found more ventrally at the
level of the kidney. (J) high magnification of the frame in panel I showing the presence of many FOXC2+/αSMA+ cells in the aortic wall. (K, L) PDGFR-β. PDGFR-β+
cells are visible immediately adjacent to the αSMA+ area (see the higher magnification in panel L). The growing vessels display a high PDGFR-β expression. (M, N)
MYOCARDIN. The MYOCARDIN pattern is very similar to that of PDGFR-β except that the growing vessels do not display a high MYOCARDIN expression. DM:
dermomyotome; NT: neural tube; S: sclerotome.
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detected neither in the αSMA+ peri-aortic zone nor in the
vicinity of the vessel (Figs. 2A, B, right panel and D, F). We
have also analysed the expression patterns of PDGFR-β (Figs.
2K, L) and MYOCARDIN (Figs. 2M, N), two genes known toplay a role in vascular wall formation (Hellstrom et al., 1999;
Li et al., 2003; Lindahl et al., 1997; Wang et al., 2003; see
Majesky, 2007 for review). None of these genes was detected
during the earliest phases of vascular wall formation but were
expressed from E4 onwards in the kidney, perineural plexus
441C. Pouget et al. / Developmental Biology 315 (2008) 437–447and, more generally, in sites wherein angiogenesis is active
(Figs. 2K–N).
Taken together, these data unravel the presence of PAX1+
and FOXC2+ cells in close contact with aortic ECs during the
first 3 days of development (Figs. 2A left, 2B left, G, H) and
sustained expression of FOXC2 at later stages. PAX3 expression
decreases around the aorta as development proceeds and from
E.5 onward no PAX1+ cell is detected close to the aortic wall
(Figs. 2A right, B right, D, F).Fig. 3. Quail/chick segmental plate orthotopic transplantations analysed with molec
PAX3, FOXC2, MYOCARDIN and PDGFR-β in situ hybridization analysis (dark pu
cross sections. (B′–F′) are higher magnifications of the frames in, respectively, (B to F
segmental plate are found around the neural tube, notochord, kidney and aorta. Bar
QCPN+/αSMA+ cells organised into a cell layer in apposition to aortic ECs. Bar=50
around the aorta. Bar=10 μm. (C, C′) PAX1/QCPN/αSMA. (C) QCPN+/PAX1+ cells a
vSMC cells. (C′) Individual PAX1+/QCPN+ are visible (black arrows). No triple positi
(D) The situation is similar to that of PAX1 except that numerous triple positive cells a
(E, E′)MYOCARDIN/QCPN/αSMA. (E) Cells, rather located outside the vessel wall,
β/QCPN/αSMA. A pattern similar to that in panel E is observed in panel F. (F′) ArAs a first attempt to experimentally identify the somitic
compartment that gives rise to vSMC, quail-chick segmental
plate transplantations have been sacrificed at E4 and analyzed
with QCPN and αSMA immunostainings combined to in situ
hybridization with molecular markers specific respectively for
the dermomyotome i.e., PAX3, the sclerotome i.e., PAX1 and
FOXC2 or with PDGFR-β and MYOCARDIN probes. In
agreement with the normal patterns, no PAX3+ quail cell was
detected around the aorta (Figs. 3A, B, B′). In contrast, PAX1−ular markers specific for one or the other somite compartments. (A–F′) PAX1,
rple) coupled to QCPN (red) and αSMA (brown) immunodetection in adjacent
). (A–B′) Pax3/QCPN/αSMA. (A) Lowmagnification. Derivatives of the grafted
=100 μm (B) Detail of the frame in panel A showing the presence of numerous
μm. (B′) The αSMA+ vSMC layer is strongly stained. No PAX3+ cells are visible
re detected in the dorsal aspect of the aorta, close to the layer of QCPN+/αSMA+
ve cell are found in the aortic vSMC at this stage. (D, D′) FOXC2/QCPN/αSMA.
re found in the vSMC layer. (D′) Triple positive cells are clearly visible (arrows).
are visible. (E′) Arrows point toMYOCARDIN-expressing cells. (F, F′) PDGFR-
rows point to PDGFR-β-expressing cells. K: kidney.
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vessel (Figs. 3C, C′, D, D′). At this stage (E4), half a day earlier
than the stage examined for the normal patterns, PAX1+ cells are
detected very close to the αSMA+ layer of vSMC (arrows in
Fig. 3C′, see also the non-grafted side for a complete view) but
in no instance were PAX1-expressing cells found associated to
the αSMA+ vascular wall. The situation is even clearer with the
FOXC2 probe which reveals positive cells integrated to the
αSMA+ area (Figs. 3D, D′). PDGFR-β- and MYOCARDIN-positive cells were not prominent in the αSMA layer and mostly
located outside the αSMA-positive layer (Figs. 3E, E′, F, F′).
Taken together, these data show that Pax1+ and FOXC2+
cells, but not PAX3+ cells migrate to the vicinity of the aortic
ECs. Aortic αSMA+ cells retain FOXC2 expression, a feature
that we interpret as a molecular signature of their origin but
loose PAX1 expression and, at E4, very few if none QCPN+/
αSMA+/PAX1+ cells was found associated to the aortic wall
(compare Figs. 2A, B to 3C, D).
Transplantations of somite halves identify the sclerotome as the
compartment that gives rise to vSMC
We performed grafts of either presumptive dermomyotomal
or sclerotomal moieties of one epithelialized somite. Segrega-
tion of the two moieties was performed along a tangential axis
that separates presumptive dermomyotome and sclerotome.
This tangential section was preferred to the classical horizontal
section because it allows to more accurately separate the
presumptive dermomyotomal region that harbours the popula-
tion of somite-derived ECs, from the sclerotomal region
(Supplementary Fig. 1).
Dermomyotome transplantations
Grafts were performed between the stages of 10 to 16 somite
pairs (HH10–12) on one side of the embryo. Chimeric embryos
were analysed from 24 to 48 h post-grafting using a triple
labelling with QCPN, QH1 and αSMA antibodies. Histological
analysis coupled to αSMA expression indicates that the grafts
encompass the whole dermomyotome including the hypaxial
region. At 24 h post-grafting (n=4), the quail dermomyotome is
clearly delineated on embryos treated in toto (Fig. 4A) or on
section with QCPN (Fig. 4B). αSMA immunohistochemistry
reveals that the vascular wall begins to organise and forms a thin
layer of cells except in the dorsal-most aspect of the vessel (Fig.
4C). The myotome also expresses αSMA at this stage. ThisFig. 4. Contribution of the dermomyotome to the formation of the aorta. Grafts
of single dermomyotome analysed at 24 h (A to D) and 48 h (E to H) post-
grafting. (A, E) In toto analysis. (B, F) QCPN staining. (C, G) QCPN and αSMA
double immunodetection. (D, H) Triple QH1, αSMA and DAPI staining. The
double headed arrows in A and E indicate the level of the sections. The dotted
lines delineate the grafted structure. (A, B) At 24 h post-graft, the quail
dermomyotome is organized including the epaxial and hypaxial lips. Bars:
400 μm in panel A, 200 μm in panel B. (C). At this stage the vascular wall has
already begun to assemble around the aorta except in the dorsal-most aspect of
the vessel (no αSMA signal). Note that the myotome also expresses αSMA, an
early marker of skeletal myogenic cells (Sassoon et al., 1988). (D)Magnification
of the grafted structure in panel C. The dermomyotome has provided ECs that
have organised into vascular tubes around the neural tube on the grafted side. A
single EC is found inserted to the aortic roof (white arrow). ECs being endowed
with extensive migratory capacities, when only one somite is grafted, or as here,
only the dermomyotome from one somite, they disperse along a large segment of
aorta. Bar=100 μm. (E, F) At 48 h post-grafting the hypaxial domain of the
dermomyotome has elongated. Bars: 500 μm in panel E, 250 μm in panel F. (G).
The vascular wall is now complete and shows a robust αSMA expression. (H)
Magnification of the grafted structure in panel G. No QH1+ cell is present in the
aorta i.e., endothelium in this section for the reason reported above. Themyotome
is still αSMA+. ECs of the grafted structure have organised into plexuses and
have colonised the lateral plate. Bar=80 μm. CV, cardinal vein; NT, neural tube.
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rather to the developmental history and maturation of skeletal
muscles (Hungerford et al., 1996; Sassoon et al., 1988;
Woodcock-Mitchell et al., 1988). In keeping with our previous
analysis (Pouget et al., 2006), several QCPN+ cells identified as
ECs with QH1 have emigrated from the grafted structure and
have initiated the formation of the perineural plexus whereas a
very few cells have integrated the aortic roof (Fig. 4D). This
poor contribution to the aortic wall is attributed to the
significant dispersion of grafted ECs in the host tissues and
the low number of ECs harboured by the structure. Similar EC
contribution is obtained when a single stage I or II somite isFig. 5. Contribution of the sclerotome to the formation of the aorta. Grafts of single sc
immunostaining coupled to PAX3 in situ hybridization analysis. The PAX3 signal re
QCPN+ cells around the aorta. Bar=100 μm. (B) higher magnification of the aortic
QCPN+ cells closely associated to ECs. Bar=15 μm. (C, D) QCPN immunostaining c
QCPN signal. (D) Higher magnification of the aortic roof in panel C reveals QCPN+/P
probe (E) coupled to a double immunohistochemistry with QCPN and αSMA antibod
and QCPN+ cells never overlap. The dermomyotome is delineated by a dotted line.
(arrowheads) forming the aortic wall. Bars=150 μm in panels E, F, H, 30 μm
immunohistochemistry with QCPN (J) and αSMA (K) antibodies on the section imm
associated to the aortic roof. (I, J) higher magnification of the frame in panel H reve
Among these cells, some express αSMA thus display sclerotomal and vSMC traitsgrafted (data not shown). This invasive potential is a specific
trait of ECs that has been previously documented (Ambler et al.,
2001; Pardanaud et al., 1996; Pouget et al., 2006; Wilting et al.,
1995). One day later (n=7), the quail dermomyotome has
elongated in the ventral direction (Figs. 4E, F). Analysis of
αSMA expression shows that the aortic wall is now complete
and thickened (Fig. 4G); numerous QH1+ ECs are now wrapped
around the neural tube or scattered in the dermomyotome (Fig.
4H). In situ analysis of either PAX3, PAX1 or FOXC2 probes
combined to QCPN/αSMA double immunodetection shows
that the grafted structure expresses PAX3 but not PAX1 and
FOXC2 (data not shown). Quail ECs form the perivascularlerotome analysed at 24 h (A to D) and 48 h (E to J) post-grafting. (A, B) QCPN
mains confined to the dorsal aspect of the embryo and do not overlap with the
roof in panel A. Black arrows point to the ECs. Black arrowheads designate the
oupled to PAX1 in situ hybridization analysis. The PAX1 signal overlaps with the
AX1+ cells in close apposition to ECs. (E–G) In situ hybridization with the PAX3
ies on the same section respectively revealed in red and green (F, G). PAX3+ cells
(G) Higher magnification of the frame in panel F shows QCPN+/αSMA+ cells
in panel G. (H, I) In situ hybridization with the PAX1 probe coupled to
ediately adjacent to (E–G). (H) The ventral aspect of the PAX1 domain is closely
als a population of QCPN+/PAX1+ cells tightly associated to the aortic roof. (K)
at the same time (arrows). Bar=50 μm. DM, dermomyotome; S, sclerotome.
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the aortic roof. QCPN and αSMA double immunolocalization
does not reveal double positive quail cells around the aorta
although, at this stage, a strong αSMA signal is visible
testifying the formation of the vascular wall. Thus, the
dermomyotome, when grafted orthotopically and isochroni-
cally, does not give rise to vSMC but provides ECs.
Sclerotome transplantations
At 24 h post-grafting (n=4) the grafted sclerotome is clearly
visible with QCPN staining. Contrary to the dispersive potential
of ECs, grafted sclerotomal cells remains confined to the level
of the graft. Interestingly rare QCPN+ cells are found in the
ventral aspect of the aorta, in apposition to ECs thus displaying
a prominent migratory potential (data not shown). Grafted cells
do not express PAX3 indicating that the grafted compartment is
not contaminated by dermomyotomal cells (Fig. 5A). PAX3
expression is found associated to the dermomyotome, the dorsal
half of the neural tube, the neural crests and dorsal root ganglia.
No PAX3+ cell is found in the vicinity of the aorta (Figs. 5A, B).
Quail cells are found immediately adjacent to ECs of the aortic
roof which remains of host origin (Fig. 5B). In keeping with
their origin, grafted sclerotomal cells display a prominent PAX1
(Figs. 5C, D) and FOXC2 (not shown) expression consistent
with analyses performed on normal embryos (see Figs. 2A, B,
G, H). QCPN+/PAX1+ cells are found wrapped around the ECs
of the aortic roof (Figs. 5C, D). At this stage, αSMA expression
is either absent or very weak and discontinuous and its ex-
pression is restricted to the ventral side of the aorta (Hungerford
et al., 1996; Wiegreffe et al., 2007; and data not shown).
At 48 h post-grafting (n=6), PAX3+ expression remains
confined to the dermomyotome and the dorsal neural tube (Fig.
5E). No PAX3+ cell is found associated to the vSMC layer
identified with αSMA immunostaining (compare Figs. 5E to F).
QCPN+ cells surround the dorsal and lateral sides of the aorta
and contribute to the formation of the αSMA+ aortic wall (Figs.
5F, G). PAX1 is strongly expressed by the grafted compartment
(Fig. 5H). Expression patterns at E4.5 and analysis of segmental
plate grafts at E4 show that PAX1 expression progressively
restricts to the future vertebra. At this stage i.e., E3.5, Pax1
expression is still detected in cells that are closely associated to
ECs (Fig. 5I). These PAX1+ cells originate from the graft since
they express the QCPN antigen (Fig. 5J). Some, the closest to
ECs, display αSMA expression (Figs. 5G, K). Thus our data
identify the sclerotome as a major source for vSMC. Molecular
analysis indicates that the sclerotomal cells involved in the
formation of the vascular wall undergo a phenotypic change
when they reach the aorta : they decrease expression of PAX1
and acquire expression of the αSMA.
Discussion
Contribution of the somite to vSMC of the body wall and limbs
Our previous results (Pouget et al., 2006) unravelled the
critical role of the somite in providing vSMC to the aorta but did
not investigate whether this contribution could be extended toother vessels. Analysis of E10 chick embryos grafted with a quail
segmental plate at E2 allowed us to address this contribution to
the trunk vessel vSMC. In addition to the aorta, vSMC of the
bodywall and limbs originate from the somite. This novel finding
places a major player in vessel morphogenesis. Since grafted
quail cells are situated at distance from their site of origin, this
indicates that somite-derived vSMC are endowed with migratory
capacities. The first sign of migration is the presence of scattered
sclerotomal cells adjacent to the endothelium in the ventral
aspect of the aorta 24 h after grafting. Whether sclerotomal cells
migrate through interstitial tissues or follow the vascular tree to
reach their final location remains to be investigated.
Another finding is the absence of somite-derived vSMC in the
viscerae. It was previously established that somite-derived ECs
are incapable of homing into the splanchnopleural mesoderm
that surrounds the endoderm of the viscerae (Pardanaud and
Dieterlen-Lièvre, 1993; Pouget et al., 2006) probably because
this mesoderm harbours its own pool of ECs (Pardanaud and
Dieterlen-Lièvre, 1993). Here we show that somite-derived
vSMC follow the same rule namely they do not migrate into the
viscera. Visceral vSMC are thus provided by another source of
vSMC that is yet to be determined but is likely to be the
splanchnopleural mesoderm (Majesky, 2007 for review).
Contribution of the somite to pericytes
Another new finding reported here is the identification of the
somite as the source for aortic pericytes. When quail somites are
transplanted into a chick host, a subset of somite-derived quail
cells are found embedded in the basal lamina, closely associated
to the aortic ECs.
Among several recognized criteria, pericytes are most often
identified on the basis of their apposition to ECs, integration
into a basal lamina and expression of αSMA; other criteria may
involve the presence of tight and gap junctions (Cuevas et al.,
1984; Tilton et al., 1979) and the expression of fibronectin and
N-cadherin (Courtoy and Boyles, 1983; Gerhardt et al., 2000)
(for review see Gerhardt and Betsholtz, 2003). Clear-cut
identification of vSMC and pericytes remains however difficult
because they represent a continuum of mural cell phenotypes
rather than separate cells types with distinct phenotypes
(Gerhardt and Betsholtz, 2003). Moreover, distribution of
pericytes and vSMC during ontogeny remains largely unknown.
The neural crest and the epicardium have however been
identified as a source for both pericytes and vSMC for
respectively the forebrain, cardiac outflow tract (Bergwerff
et al., 1998; Etchevers et al., 2001) and coronary vessels
(Vrancken Peeters et al., 1999) during ontogeny. Here we
demonstrate that vSMC and pericytes of the aorta share a
common origin that is the somite. Based on the analysis of E10
embryos, we assume that pericytes of the body wall and limbs
originate from the same source.
The sclerotome as the source for vSMC
Our data demonstrate that the sclerotome provides cells with
a PAX1/FOXC2 identity that settle around the aorta and
445C. Pouget et al. / Developmental Biology 315 (2008) 437–447differentiate into vSMC. They sustain the proposal of Christ et
al. (2004) according to which the ventral sclerotome would give
vSMC of the aorta but do not fit with those of Esner et al. (2006)
who identified the hypaxial dermomyotome as the source for
mural cells in the mouse embryo. This conclusion was based 1°
on a retrospective clonal analysis, using a nlaacZ reporter gene
targeted to the α-cardiac actin gene. This system is based on a
rare intragenic recombination event that results in a functional
nlacZ sequence, giving rise to clones of β-galactosidase+
cells. Periendothelial and vSMC of the dorsal aorta were the
main cell types labelled, indicating that these cells are clonally
related to the paraxial mesoderm-derived cells of skeletal
muscle. In early clones, myotomal labelling was predominantly
found in the hypaxial somite, adjacent to labelled smooth
muscle cells in the aorta; 2° on a Pax3GFP/+ mouse which
expresses stable GFP and thus marks cells that have expressed
Pax3 at one point during their history (Relaix et al., 2005).
Esner et al. (2006) show that mural cells of the aorta that express
αSMA are also GFP+, a feature that they interpret as resulting
from a dermomyotomal origin. Indeed, Pax3 is strongly
expressed in the dermomyotome where it is required for
survival and delamination of skeletal muscle progenitor cells as
well as their subsequent commitment to myogenesis (Tajbakhsh
and Buckingham, 2000). However Pax3 is also expressed
earlier on, marking the whole presomitic paraxial mesoderm.
Thus the uncovered GFP expression could be due to this early
expression. In our experiments the dermomyotome never
contributes to vSMC but produces ECs that form the
vasculature of the body wall and limbs. Whether this
discrepancy relies on the different tracing techniques used or
to species-specific differences remains to be investigated.
While this work was submitted, a similar approach investigat-
ing the somite compartment giving rise to vSMC of the trunk
was published. This report that uses the quail-chick system
identifies the sclerotome as the major source for aortic vSMC
and is thus totally in keeping with our conclusions (Wiegreffe
et al., 2007).
When a single somite or a dermomyotome is grafted, the
number of graft-derived ECs in the aortic roof is usually low.
This is likely because ECs display a prominent lateral migration
potential, and contribute to colonize the body wall over two to
three levels of somite. Thus the number of ECs available for
aortic colonization at the grafted level is obviously low and
precludes the full replacement of the aortic roof. Contrary to
ECs, sclerotomal cells giving rise to vSMC do not appear to
display extensive lateral migration to adjacent embryonic levels.
Grafted cells usually remain restricted to the operated level at
least for the period considered i.e., from E2 to E4.
Several hypothesis for trunk vSMC differentiation have been
proposed. One privileged hypothesis is that EC-secreted factors
locally recruit mesodermal cells surrounding the vessels (Drake
et al., 1998; Hungerford and Little, 1999). The initial co-
expression of PAX1 and FOXC2 followed by the secondary
expression αSMA is completely in keeping with this hypoth-
esis. The molecular nature of the signal(s) involved in this
recruitment remains however to be determined but is likely to
rely at least on PDGF and TGFβ signalling.The dorsal origin for vSMC we unravel may be considered
as a discrepancy regarding the initiation of aortic αSMA
expression reported in the literature. Indeed αSMA expression
is first detected at the ventral side of the aorta and proceeds in a
ventral to dorsal direction thereafter (Hungerford et al., 1996).
Our experiments reveal that, as soon as 24 h after grating,
pioneer sclerotome-derived cells reach the ventral aspect of the
aorta and may thus contribute to form this early αSMA+ zone.
In addition to vSMC, the aortic floor is known to harbour a
population of cells with a hematopoiesis-promoting potential
designated as stromal cells. These cells display a myofibro-
blastic phenotype and are reported to express αSMA
(Chagraoui et al., 2003; Charbord et al., 2002). Current fate
mapping in the chick embryo indicates that this hematopoiesis-
supportive mesenchyme originates from the proximal splanch-
nopleural mesoderm lateral to the intermediate mesoderm (C.
Drevon, M-A. Teillet and T. Jaffredo, unpublished data). The
respective contributions of the sclerotome and the splanchno-
pleural mesoderm in the formation of the ventral aortic region
are not known and thus remains to be determined. An
inhibitory role of the axial structures i.e., neural tube and
notochord has also been proposed to explain this polarized
pattern (Hungerford and Little, 1999; Hungerford et al.,
1996).
Sclerotome transplantations never provide ECs. This segre-
gation fits with the onset of expression of EC-specific genes in
the dorso-lateral region of the epithelialized somite (Eichmann
et al., 1993; Ema et al., 2006; Nimmagadda et al., 2004, 2007;
Pouget et al., 2006). Although it was shown that the
dermomyotome harbours a progenitor with skeletal muscle
and endothelial potential (Kardon et al., 2002) and more
recently another one with dermal and skeletal muscle potential
(Ben-Yair and Kalcheim, 2005), our results indicate that this
compartment does not harbour a more primitive cell with an
even wider potential (endothelial, striated muscle, dermis and
smooth muscle) the so-called mesoangioblast, (De Angelis et
al., 1999; Minasi et al., 2002) that could contribute significantly
to the formation of the vSMC. Our data also question
approaches performed with ES cells demonstrating the genera-
tion of EC and vSMC from a single mesodermal progenitor
expressing VEGF-R2 or Tie2 (Ema et al., 2003; Marchetti et al.,
2002; Yamashita et al., 2000). Actually, we recently demon-
strated that purified ECs are able to change their phenotype in
culture and express αSMA. In contrast, clonal analysis revealed
that this phenotypic change does not occur in the avian embryo
(Pouget et al., 2006). In keeping with our findings, genetic
analyses demonstrate that EC and vSMC differentiation are
independent during development since mice lacking either
PDGF-B or PDGFR-β have functional ECs but lacks pericytes
and vSMC (Enge et al., 2002; Lindahl et al., 1997).
In summary, our work underlines the critical role of the
somite in vessel morphogenesis and reveals the sclerotome as a
new compartment endowed with vSMC and pericytes differ-
entiation potentials. It also identifies the dermomyotome as the
source for ECs in the somite. Future prospect will need
identification of the molecular signals involved in vSMC
recruitment and differentiation.
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